The products of two adjacent genes in the chromosome of Methanococcus jannaschii are similar to the amino and carboxyl halves of phosphonopyruvate decarboxylase, the enzyme that catalyzes the second step of fosfomycin biosynthesis in Streptomyces wedmorensis. These two M. jannaschii genes were recombinantly expressed in Escherichia coli, and their gene products were tested for the ability to catalyze the decarboxylation of a series of ␣-ketoacids. Both subunits are required to form an ␣ 6 ␤ 6 dodecamer that specifically catalyzes the decarboxylation of sulfopyruvic acid to sulfoacetaldehyde. This transformation is the fourth step in the biosynthesis of coenzyme M, a crucial cofactor in methanogenesis and aliphatic alkene metabolism. The M. jannaschii sulfopyruvate decarboxylase was found to be inactivated by oxygen and reactivated by reduction with dithionite. The two subunits, designated ComD and ComE, comprise the first enzyme for the biosynthesis of coenzyme M to be described.
(FAD), and 50 mM potassium phosphate under an atmosphere of argon. The resulting clear solution was then kept at 10°C overnight and concentrated with an Amicon 10 Centricon concentrator. SDS-PAGE analysis of resulting refolded proteins showed only two equally heavy bands with molecular masses of 17 and 23 kDa, corresponding to ComD and ComE, respectively. Protein concentrations were determined with the Bio-Rad protein assay using bovine serum albumin as a standard.
Size exclusion chromatography and measurement of the protein flavin content. Molecular size exclusion chromatography was performed at room temperature with a Superose 12 HR 10/30 column (Pharmacia Biotech), equilibrated in 50 mM sodium phosphate (pH 7.0)-150 mM NaCl, using a flow rate of 0.4 ml/min. Molecular weight markers consisted of apoferritin (440,000), alcohol dehydrogenase (150,000), bovine serum albumin (67,000), ovalbumin (45,000), carbonic anhydrase (29,000), and cytochrome c (12, 400) . The elution of the refolded sulfopyruvate decarboxylase was monitored by measurement of the absorbance at 280 nm. FAD was monitored both by absorbance (450 nm) and by fluorescence (450-nm excitation, 520-nm emission). Fractions (800 l) were collected and analyzed for sulfopyruvate decarboxylase activity and proteins (SDS-PAGE). To increase the sensitivity for the analysis of the FAD, the individual fractions were adjusted to pH 3 and the fluorescence was remeasured at the indicated wavelengths. This procedure was expected to increase the detection limit for the FAD because of the 10-fold increase in fluorescence of FAD at this pH.
Measurement of enzymatic activities, K m , and oxygen sensitivity. The decarboxylase activities of ComDE were generally measured in phosphate buffer (150 mM potassium phosphate, 1 mM MgCl 2 , and 2 mM mercaptoethanol, pH 7.0). When phosphate buffer was not used, the activity was measured in TES buffer (50 mM TES, 10 mM MgCl 2 , 20 mM mercaptoethanol, pH 7.0). The assay was conducted in 100 l of the phosphate buffer containing 2.1 mM sulfopyruvate, 2 mM dithionite, and 0.2 mM methylviologen under atmospheres indicated in Tables 1 and 2 . The standard assay was performed under the same conditions but under an atmosphere of argon. After the addition of the appropriately diluted enzyme solution (5 to 10 l), the assay mixture was incubated for 15 min at 80°C. Methylviologen was added as a visual redox indicator to confirm that the solutions contained no free oxygen. The resulting incubation mixtures were derivatized with 2,4-dinitrophenylhydrazine (DNPH) for high-pressure liquid chromatography (HPLC) and/or thin-layer chromatography (TLC) analyses or purified for gas chromatography-mass spectrometry (GC-MS) analysis as described below. One unit of enzyme activity refers to 1 mol of sulfoacetaldehyde produced per min in the standard assay.
For the determination of the K m , the heat-purified ComDE cell extract was used for the enzyme assay. Aliquots were removed from an incubation mixture as a function of time and were immediately derivatized with the acidic DNPH solution to stop the reaction, and the DNPH derivative of the sulfoacetaldehyde generated was quantitated by HPLC. A concentration of protein was selected to give a linear time course over the 15-min duration of the assay. The sulfopyruvate concentration was varied from 0.5 to 1.8 mM, and the assay was performed in the presence of 2 mM dithionite-0.2 mM methylviologen for 5 to 15 min at 80°C. Performing the assay at higher sulfopyruvate concentrations led to substrate inhibition.
To test the oxygen sensitivity of the ComDE extract, the activity assay of the heat-purified enzyme was performed with sulfopyruvate under an atmosphere of air. For the preincubations in air, the enzyme-containing solution was exposed to air for 30 min at room temperature or at 80°C; then enzymatic activity was determined by addition of sulfopyruvate (2.1 mM) or supplementary dithionite (2 mM) and methylviologen (0.2 mM) or DTT (4 mM) under an atmosphere of argon for 15 min at 80°C. To preincubation mixtures that already contained sulfopyruvate no more substrate was added for the activity assay. Then the DNPH derivatives were analyzed by HPLC.
Testing substrate specificity of the sulfopyruvate decarboxylase. The decarboxylation of pyruvate was measured spectrophotometrically as described previously for acetolactate synthase (25) . Briefly, the ComDE extracts were incubated with 1 mM pyruvate for 2 h at 50°C in 100 l of 0.3 M phosphate buffer (pH 7.0). The reaction was stopped by adding sulfuric acid to a final concentration of 1%. After being heated for 15 min at 60°C, the precipitated proteins were removed by centrifugation and the separated clear liquid was mixed with creatine (0.15% final concentration)-␣-naphthol (1.5% final concentration)-0.3 M potassium phosphate buffer (pH 7.0) to a final volume of 900 l. After being heated again for 15 min at 60°C, the samples were cooled to room temperature, and the absorbance was measured at 525 nm. Using acetoin as the standard, this assay method readily measured 20 nmol of product.
The decarboxylation of phosphonopyruvate to phosphonoacetaldehyde was measured under the same conditions as described for sulfopyruvate, and the phosphonoacetaldehyde formation was assayed by derivatization with DNPH as described by Nakashita et al. (24) .
Product identification. The sulfoacetaldehyde produced by the decarboxylation of sulfopyruvate was identified by three different methods: TLC and HPLC analyses of the DNPH derivative and GC-MS analysis of the methyl ester dimethyl acetal derivative. In each case a standard incubation was run with sulfopyruvate and enough enzyme to convert all of the substrate to sulfoacetaldehyde. The resulting product was then converted into the desired derivative. Known sulfoacetaldehyde samples processed in an identical manner were used to establish the identity of the generated compound.
For the formation of the DNPH derivative, 0.02 M DNPH in 2 M HCl, a 2 M excess over the amount of sulfopyruvate used in the incubation, was added to the mixture at the completion of the incubation. After 1 h at room temperature, the pH of the solution was adjusted to 6 to 7 by the addition of 2.5 M NaOH, and the unreacted DNPH and precipitated proteins were removed by centrifugation (5,000 ϫ g, 10 min). The separated clear yellow solution was then diluted to 0.5 ml with water, and the contained DNPH derivatives were analyzed by HPLC. Samples (10 l) were injected onto a reversed-phase HPLC column (AXXI CHROM ODS; 5 m, 25 cm), which was protected with a guard column (RP-18 NEWGUARD; 7 m, 1.5 cm) and controlled by the Shimadzu LC-6A HPLC system operating at a rate of 0.5 ml/min. A sodium acetate (NaOAc)-methanol gradient was used for separation. The NaOAc-methanol gradient used consisted of 25 mM NaOAc (pH 6.0; 0.02% NaN 3 , 5% methanol) for the first 5 min followed by the linear methanol gradient to 80% methanol over the next 40 min. The elution was monitored by measuring absorbance at 360 nm (Shimadzu SPD-6VA). The DNPH derivatives of sulfopyruvate and sulfoacetaldehyde showed retention times of 25.80 and 33.40 min, respectively, in this gradient system.
For TLC analysis, 50 l of the DNPH-derivatized sample was placed on a preparative C 18 (Waters Corporation) column (0.2 by 1 cm; 55-to 105-m resin), and the column was then washed with 100 l of water, which was discarded. The DNPH derivatives of sulfopyruvate and sulfoacetaldehyde were then eluted with 200 l of water followed by 200 l of 10% methanol. After concentration of the eluted sample by evaporation under a stream of nitrogen gas, the resulting sample was analyzed by TLC using the solvent system butanol-acetic acid-water For analysis by GC-MS, an equal volume of 95% ethanol was added to an incubation mixture, which was heated for 5 min at 100°C and centrifuged (16,000 ϫ g, 10 min) to produce a clear solution. After evaporation of the ethanol and water with a stream of nitrogen gas, the resulting residue was dissolved in 0.5 ml of water and the solution was passed through a Dowex 50-8X (H ϩ ) column (0.5 by 1.1 cm) and evaporated to dryness. The resulting sample was dissolved in methanol (100 l), and an ether solution of diazomethane (ϳ300 l) was added to produce a cloudy yellow suspension that was clarified by centrifugation. The resulting clear solution was separated, evaporated to dryness, and dissolved in methylene dichloride, and the sulfopyruvate and sulfoacetaldehyde derivatives were analyzed by GC-MS as previously described (36) .
RESULTS AND DISCUSSION
The MJ0256 gene codes for two proteins. The primers for the cloning of the MJ0256 gene were designed to clone the gene from position 241512 to position 242598 of the M. jannaschii genome (7). This region would code for an enzyme with a molecular weight of 36,000. SDS-PAGE analysis of the MJ0256-encoded overproduced protein could not confirm high overproduction of this enzyme, although enzymatic activities could be measured. Close inspection of the gene sequence for the MJ0256 gene showed the presence of a series of stop codons beginning with TAA at position 242022 about midway down the sequence. Based on this finding, we cloned the two genes and overexpressed the two individual proteins as outlined in Materials and Methods. SDS-PAGE analysis of the two individual proteins, which we call ComD and ComE, showed molecular weights of 17,000 and 23,000, respectively. Since enzymatic activity was observed only in the presence of the combined proteins, we designate the active enzyme ComDE. Thus it is clear that the MJ0256 gene encodes two different proteins. In M. thermoautotrophicum the genes homologous to the MJ0256 gene are annotated as two separate genes, MTH1206 and MTH1207, and relate to MJ0256 as shown in Fig. 2 . The phosphonopyruvate decarboxylases, in contrast, are all encoded by one gene, as are the more distantly related acetolactate synthases (ALSs) and pyruvate oxidases (POXs).
Characterization of the enzyme. Only in the presence of a mixture of both ComD and ComE could enzymatic activity be measured; the individual proteins had no measurable activity. According to the measured molecular weight of 210,000 for the active ComDE enzyme, prepared by refolding equal amounts of the two proteins, the active protein would correspond to an ␣ 6 ␤ 6 dodecamer. SDS-PAGE analysis of the separated enzymatically active protein peak from the molecular size column showed only ComD and ComE protein bands of equal intensities. The fractions corresponding to the elution positions of the ␣␤ dimer to the ␣ 4 ␤ 4 octamer of the ComDE protein or the measured elution positions of the monomers of ComD and ComE showed neither enzymatic activity nor UV absorbance nor protein bands on the SDS-PAGE gel after analyses of the concentrated fractions. This observation indicated that the ComDE protein did not dissociate under the separation conditions used and existed only as the ␣ 6 ␤ 6 dodecamer.
Absence of both FAD and a FAD-binding site in the enzyme. Based on the sequence alignments of the ComDE protein with other TPP-dependent enzymes, it is clear that the ComDE protein is a member of a family of enzymes that includes acetohydroxyacid synthase (AHAS), ALS, benzoylformate decarboxylase, glyoxylate carboligase, indole pyruvate decarboxylase, pyruvate decarboxylase, the acetyl phosphate-producing POX, and the acetate-producing POX (5, 8-10, 15, 23, 33) . Each of these enzymes contains a bound TPP, which serves as the coenzyme for the decarboxylation. In addition, four of these enzymes, AHAS, ALS, and both of the POXs, also require a bound FAD for activity. The one exception to this rule is the pH 6 acetolactate-forming enzyme from Aerobacter aerogenes (32). However, only for E. coli POX is the FAD directly involved in the catalysis, where it functions to transfer electrons to the quinones (13). In the remaining enzymes, the FAD appears to play only a structural role (11) . Several members of this group have been shown to be oxygen sensitive and include the FAD-containing AHAS isolated from Methanococcus aeolicus (38) and the ALS isozyme II from Salmonella enterica serovar Typhimurium. (28, 29) . For the M. aeolicus enzyme, the oxygen sensitivity is a function of the state of purity of the enzyme, but neither of these enzymes could be reactivated, as we have also shown for the ComDE enzyme.
The elution profile of the molecular size column showed an A 450 /A 280 ratio of less than 0.003 for the ComDE protein and no fluorescence for FAD, indicating the absence of FAD in the enzyme, despite the fact that the enzyme was refolded in the presence of FAD. Based on the known molecular weight of the enzyme this would correspond to less than 0.01 mol of flavin per mol of the ␣ or ␤ subunit. More-sensitive spectro-scopic analysis of the isolated ComDE protein for FAD fluorescence also did not confirm the presence of FAD. These findings are in agreement with the sequence alignments of the ComDE protein with AHAS and POX, which show the absence of the FAD-binding domain in the enzyme (Fig. 3) . Attempts to align any section of the ComD or ComE sequences to the FAD-binding region of the AHAS of E. coli failed (Fig. 3) . From both these sequence alignments and the experimental results, it seems likely that the ComDE protein has no FAD-binding domain.
Reactions catalyzed by the ComDE protein and its oxygen sensitivity. Extracts of the E. coli cells containing the heterologous overproduced enzyme and the enzyme regenerated from the inclusion bodies were both found to quantitatively convert sulfopyruvate to sulfoacetaldehyde when the enzyme assays were performed under an atmosphere of argon (Table 1) . No conversion of the substrate to the product was detected when the activity assay was done in air under the same conditions (Table 1 ). This result shows that the ComDE enzyme was clearly inactivated by oxygen when heated in air at 80°C. No decarboxylation of sulfopyruvate was observed by incubation with cell extracts of E. coli strain BL-21 that contained the plasmid without the comDE genes. Exposure of the ComDE cell extract, with or without substrate, to air for 30 min at room temperature or at 80°C resulted in no loss of activity when the extract was assayed in the presence of dithionite under argon. These results show that the inactivation of the ComDE enzyme by exposure to air at 80°C is reversible after addition of dithionite. The extent of the residual activity, which could be detected in samples just by replacement of air with argon, was not very reproducible. Furthermore, the only reducing agent that was capable of reactivating the ComDE enzyme was dithionite; mercaptoethanol and DTT had no reactivating power.
The discovery that this enzyme is inactivated by exposure to oxygen and reactivated by dithionite was not a previously reported property for TPP-dependent enzymes. Many different mechanisms for how proteins can alter their activities in response to the presence or absence of oxygen have been described (3). None of these mechanisms are presently known to involve TPP-containing enzymes. We have considered and tested four possible reasons for the observed oxygen sensitivity of the ComDE enzyme: the presence of an oxidizable reduced flavin, as is known to occur in chorismate synthase (22) and possibly in the aerotaxis response system of E. coli (26); a hemin-based oxygen sensor-like protein, as occurs in rhizobia (27) ; an oxygen-sensitive Fe-S center, as occurs in aconitases and other Fe-S-containing enzymes (4); and, finally, an oxygendependent sulfenic acid or disulfide formation (2, 12). Our observations so far (White et al., unpublished results) indicate that the enzyme is inactivated by O 2 by a process different from any other previously described and involves the oxidation of the hydroxyethyl-TPP intermediate as has been reported for pyruvate decarboxylase (34) .
Alternate substrates. The sequence homologies between our enzyme and the phosphonopyruvate decarboxylases (Fig. 2) and ALSs suggested that the ComDE enzyme might use phosphonopyruvate and/or pyruvate as substrates. Neither of these compounds was found to be a substrate for the ComDE enzyme. The measured activity for phosphonopyruvate decarboxylase was Ͻ0.09 mol/min/mg of protein, and that for the ALS was Ͻ0.04 mol/min/mg of protein. Thus the ComDE enzyme has diverged to such an extent from the phosphonopyruvate decarboxylases and ALSs that phosphonopyruvate and pyruvate can no longer serve as substrates.
Thermostability. Since the ComDE enzyme operates in a hyperthermophilic anaerobic methanoarchaea, we expected that heating the E. coli cell extract containing the overpro- The presence of sulfopyruvate decarboxylase in a coenzyme M gene cluster. Having established the functional role for the MJ0256 gene products, it is important to establish if this gene could reside in a gene cluster or operon in any methanoarchaea. The discovery of such a gene cluster or operon could lead to the identification of other genes involved in the biosynthesis of coenzyme M. In M. jannaschii the only gene that is operonally connected to MJ0256 is MJ0257, a conserved protein homologous to M. thermoautotrophicum MTH1039 (31) . Both the MJ0257 and MTH1039 genes could possibly encode an archaeal Fe-S oxidoreductase (21) . Since a reduction must occur in step 5 of the coenzyme M biosynthetic pathway (Fig.  1) , it is possible that this gene could supply an enzyme to perform this function. In M. thermoautotrophicum the genes homologous to MJ0256 are annotated as two separate genes, MTH1206 and MTH1207, which are related to MJ0256 as shown in Fig. 2 . Upstream from these genes is MHT1205, which is homologous to MJ1425, a gene that has been shown to have sulfolactate dehydrogenase activity, catalyzing the NADdependent oxidation of sulfolactate to sulfopyruvate (reaction 3, Fig. 1 ) (17) . Since MTH1204 is most likely the purM gene involved in purine biosynthesis (31), MTH1205, MTH1206, and MTH1207 may constitute a gene cluster for coenzyme M biosynthesis. MTH1208 encodes a DNA-dependent DNA polymerase elongation subunit and is expressed in the opposite direction.
The discovery of a clear evolutionary connection between an enzyme involved in the biosynthesis of a coenzyme in the methanoarchaea and several of the well-established bacterial enzymes indicates that the evolution of genes for the archaeal coenzymes is closely linked to the evolution of bacterial enzymes. This has now been observed for the enzymes involved in the biosynthesis of coenzyme B (20) and supports the idea that methanogenesis in the methanoarchaea is not an ancient process (16). a Crude cell extracts containing the overproduced ComDE protein (58 g of protein/ml) were heated in the indicated pH 7.0 buffer for 15 min at 80°C under an atmosphere of argon and then centrifuged; the clear liquid was transferred into a new septated glass vial under an atmosphere of argon (21 g of protein/ml after the heat treatment).
b For the determination of the enzymatic activities, the nonheated (5.8 g of protein) and heat-purified cell extracts (1.1 g of protein) were mixed with 2.1 mM sulfopyruvate (SP) for 15 min at 80°C under an atmosphere of argon. The addition of 2 mM dithionite (dt) was always accompanied by addition of 0.2 mM methylviologen (mv). The amounts of sulfopyruvate and sulfoacetaldehyde, as their DNPH derivatives, were analyzed by HPLC.
